The results showed that the number of amphidromic points of M2 increased from 2 to 4 while that of K1 increased from 1 to 2 as the SL rising. Both M2 and K1 co-phase lines rotated anti-clockwise as sealevel rising. S2 shared similar evolution pattern with M2 while O1 evolved similarly with K1. The +2 m SL can have significant influence on the tide pattern. Mainly because the new basin area enlarged, especially the vast area around the Subei and Changjiang estuary, also very near the amphidromes in the south Yellow Sea, which dissipated large amount of tide energy. The new coastline and bathymetry changed the propagation pattern of M2, the tide energy decreased significantly at the north Yellow Sea and Bohai Sea while increased along the Yangtze estuary and Korea west coast. The strong tidal current area corresponded well with the sand ridges during Holocene while weaker tidal current area corresponded with finer muddy deposit, indicating tide force is the dominate factor controlling the bedform generation and sediment distribution in BYECS.
INTRODUCTION
Sea level (SL) change since the Last Glacial Maximum (LGM) has had a great impact on tides due to changes in ocean bathymetry (Green, 2010; Zhou et al., 2013) . Much numerical work has been done globally to investigate the evolution of tidal characteristics during the Holocene, such as European Shelf modeling (Uehara et al., 2006) and sediment transport regimes in Fundy Bay (Greenberg et al., 2012) .
Geological records indicated that the geometry of the Bohai Sea, Yellow Sea and East China Sea (BYECS) has experienced significant changes due to SL rising by over 100 m since the last glacial maximum. Most of the BYECS region consists of a continental shelf shallower than 100 m. As basin geometries play an important role in tide propagation, tidal fields in this region must have been variable during the Holocene period. It is therefore necessary to evaluate the paleotidal properties when recovering the paleo shelf sea environments during the Holocene in the BYECS area.
Although the paleo-tidal regime in regional area of BYECS due to sea lever rise has been studied by many researchers (Uehara et al., 2002) , corresponding dynamic sediment processes such as bedform generation (Zhang et al., 2013) , have barely been investigated systematically in the BYECS.
There are many sand ridges and muddy deposits in the BYECS (Figure 1 ), some of which are not located consistently with modern tidal current regime. For example, modern tidalcurrent conditions seem to be insufficient to form the sand ridges in the central East China Sea. Furthermore, radiocarbon dates from the sand-ridge region in the middle shelf, show mostly 7-11 ka B.P. and are thought to be deposited as deltaic sediments during the low stand of sea-level (Liu et al., 2000) . As tidal current is one of the most energetic hydrographic features in the modern BYECS, the information on the paleo-tidal regimes is essential for understanding the distribution of sand ridges and muddy deposits in the BYECS.
This study aims to reconstruct paleo-tidal fields and investigate their relationship with the distribution of sand ridges and muddy deposits in the BYECS during Holocene. Numerical scenarios were carried out to study the tidal regime and the corresponding dynamic sediment environment when sea-level was 60 m, 30 m, 15 m lower and 2 m higher than present SL.
www.JCRonline.org www.cerf-jcr.org Figure 1 . Regional map and depth contours of the BYECS. Contour unit is meter. The sand ridges are derived from Li et al. (2014) , , and denote the first, second and third phase sand ridges, the following notes a-e of the same period denote the order of the spatio-temporal evolution of sand ridges.
METHODS
The paleo-tides during Holocene were simulated by an open source numerical model MITgcm (MIT General Circulation Model). The model is governed by the following equations:
where u density, ) sin , cos , 0 ( is the forces due to earth rotation, where is latitude, p is the fluid pressure,
is the gravitational acceleration constant; is the dynamic viscosity.
The model domain is 27.0625°N-41.125°N and 117.5°E-128.3125°E, with a horizontal resolution of 1/16 °× 1/16 °. There are 40 levels in the vertical with 20 levels of grid 5 m in the top 100 m, and then 10 levels of 25 m, 5 levels of 100 m and 5 levels of 180 m downwards. And piece-wise linear representation (shaved cells) is applied so that the minimum water depth can be 0.5 m.
The paleo-tides were driven by water levels along the open boundaries at the east and south. The tidal harmony constituents (M2, S2, K1 and O1) at the boundaries are interpolated from a Global Tide Model in the present SL with resolution of 0.125º × 0.125º, developed by DTU Space in collaboration with DHI (Cheng and Andersen, 2011) .
The tidal forcing in the open boundaries of the domain is assumed not to change with the SL rising. Similar approach has been applied in many simulation studies on tide at different sea levels (Uehara et al., 2002) , because the relative change due to SLR along the open boundaries of our regional model (where depth is large) was small (less than 0.05 m) according to the global paleo-tidal model (resolution of 1º) since LGM carried out by Thomas and Sundermann (1999) . Though this is not strictly true in the northern part of the east open boundary, it is assumed that the associated error is negligible, given that almost all tidal energy reaches the domain from the south (Uehara et al., 2002) .
The cases were carried out by lowering the SL from the present state to -60, -30, -15 m respectively, whereas the last one by increasing the SL by 2 m which corresponding to the highest SL around 7 ka B.P., using the present bathymetry. Water depths shallower than 0.5 m were set as 0.5 m to prevent numerical instabilities. The -60, -30, -15, 2 m represent the sea-level at 11600, 9400, 9000, and 7000 a B.P. according to the sea-level curve of Liu et al. (2004) . All runs were initiated from rest and integrated for 2 months, and data of the last 30 days were used for tidal harmonic analyses by T_tide at each grid point. Additionally, modern tide regime, verified in the earlier study (Zhou et al., 2015) , was used for comparison with paleotidal regime.
RESULTS
When the SL was -60 m, there were only two degenerated amphidromes in the paleo-Yellow Sea (Figure 2a) , and most of the co-phase lines aligned in direction normal to the axis of the bay. Large M2 tidal amplitude (>1.4 m) appeared along the southern coast of Korea, just outside the mouth of the paleoYellow Sea. M2 tide range was also large at around the paleoChangjiang estuary (29°N, 124.5°E) with amplitude of 1.6 m. When SL was -30 m (Figure 2(e) ), the shoreline moved towards to the strait of Bohai Sea (BS), the two amphidromes in the (YS) shifted to the west (Table 1 ). The M2 tidal amplitude decreased around the southern coast of Korea while increased significantly in the paleo-Changjiang estuary. When SL rose to -15 m ( Figure  2 (i) ), the other two amphidromes appeared in the BS. The amplitudes in the YS and BS enlarged, mostly because the basin geometry benefits the M2 propagation into the Yellow Sea and Bohai Sea. When the SL was 2 m higher than present, there are still four amphidromes in BS and YS (Figure 3(a) ). The amplitude obviously decreased in the north YS and BS, which is shallow area with water depth mostly 20-50 m. The 2 meters increase in depth can have significant influence on the tide in the north YS and BS. Mainly because the new basin area enlarged in the +2 m case, especially the area around the Subei and Changjiang estuary, also very near the amphidromes in the south Yellow Sea, which dissipated large amount of tide energy, and the tide energy propagated to the north YS and BS decreased significantly. A radial current pattern appeared near the mouth of the paleo-Changjiang river since SL of -30 m (Figures 2(f) , 2(j), 2(n) and 3(b)). For the K1 constituent, only one amphidrome exists off the southeast of Shandong peninsula in the Yellow Sea when SL was -60 m (Figure 2(c) ), K1 amplitude maximum value is 0.15-0.2 m in the paleo-Yellow Sea, K1 tide retains its amplitude along the central axis of the paleo-Yellow Sea basin, as can be recognized from the 0.1 m contour, which is quite different with M2 tide amplitude decreasing rapidly as it enters the Yellow Sea (from about 1.2 m to less than 0.4 m). As the SL rose to -30 m (Figure 2(g) ), the amphidromic point shifted northeastward in the Yellow Sea ( Table 2) . The large K1 amplitude value (0.5 m) appeared in the BS strait (122.5°E, 38.4°N), much larger than present value (0.2 m). With SL increasing to -15 m (Figure 2(k) ), another amphidrome appeared in the BS, the amplitudes decreased in general compared with modern state. In the case of SL 2 m higher than present, there are still two K1 amphidromes totally in Bohai and Yellow Sea (Figure 3(c) ). The K1 amplitude, however, increased in the north YS and BS while decreased slightly in the south YS, the change trend of which is contrary to that of M2 at +2 m SL. Thus, the K1 current even large enough to be comparable with M2 in the BS. Because the amphidromic point of K1 in the South Yellow Sea are relatively far away from the enlarged Subei and Changjiang estuary area, and the new coastline and bathymetry benefit the K1 propagating into the north YS and Bohai Sea.
Furthermore, both the M2 and K1 co-phase lines rotated anti-clockwise as the sea water level increased. S2 (not shown in this paper, referred to Zhou (2014) ) shared the similar evolution pattern with M2 while O1(not shown in this paper, referred to Zhou (2014)) had the similar change pattern with K1 as SL rose from -60 m to 2 m. Overall speaking, the M2 and K1 changed unevenly with the SL rise. Sea level change affected the tidal regime mainly through changing geometries of the sea and thus tidal wavelength, because tidal wavelength is proportional to a square root of the water depth.
DISCUSSION
As mentioned earlier, there are many sand ridges and muddy deposits in the BYECS shelf, some of which were considered to form when the sea level was low based on geological analysis, such as sediment core dating, stratigraphy, sedimentary facies analysis, etc. However, the relationship of these sand ridges and muddy deposit with the tidal regime evolution is barely discussed before. Sand ridges can form in the estuaries and nearshore areas with strong current of 0.5-1.0 m/s and the ellipticity of the M2 must be less than 0.4 (Liu et al., 1998) and muddy deposit is formed in the area with very weak current field. According to the M2 tidal ellipse, the sand ridges and muddy deposits formed in stages probably corresponding to paleo-tidal current as shown in Figures 2 and 3 and Table 3 . a sand ridge formed in the Yellow Sea trough when the SL was -60m or below and a and b formed off the paleochangjiang estuary at SL of -60m. As SL rose to -30m, radial current pattern off the paleo-changjiang mouth appeared and c formed. When SL was -15m, d and e formed at the strong tidal current area along the Korea coast and Bohai Sea strait, respectively. For the SL of 0m and +2m, sand ridge a corresponded to the radial current pattern and b and c formed along the Korea coast.
The formation of ridges is not only influenced by tidal currents but also by the sand sources. If there is not enough sand material, the sand ridge can not be formed even with favorable tidal conditions. Both the sand material carried out by rivers around the BYECS and the eroded relict sediment can affect the formation of sand ridges.
The tidal current of Mud1 area was very weak since SL of -30 m, providing an ideal environment for mud deposit there continuously. Mud2 formed later in the North YS under tidal regime similar with modern tidal current pattern. CONCLUSIONS Numerical scenario were carried out in this research to study the tidal regime during the Holocene due to sea level change and then their relationships with distribution of sand ridges and muddy deposits were discussed.
Tidal regimes of both M2 and K1 varied significantly and changed unevenly along with sea level rise. S2 shared similar evolution pattern with M2 while O1 evolved similarly with K1. The +2 m SL can have significant influence on the tide pattern, and the change trends of M2 and K1 were contrary at +2 m SL case, and the K1 current in the BS and North YS became larger and even large enough to be comparable with M2, suggesting that the effects of diurnal constituents can not be neglected when investigating the tidal current at sea level higher than present.
The strong tidal current area corresponded well with the sand ridges during Holocene while weaker tidal current area corresponded with finer muddy deposit, indicating tide force is the dominate factor controlling the bedform generation and sediment distribution in BYECS.
